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Adsorption geometries and binding affinities of metal nanoparticles onto carbon nanotubes CNTs
are investigated through density-functional-theory calculations. Clusters of 13 metal atoms are used
as models for metal nanoparticles. Palladium, platinum, and titanium particles strongly chemisorb to
the CNT surface. Unlike the cases of atomic adsorptions the aluminum particle has the weakest
binding affinity with the CNT. Aluminum or gold nanoparticles accumulated on the CNT develop
the triangular bonding network of the metal surfaces in which the metal-carbon bond is not favored.
This suggests that the CNT-Al interface is likely to have many voids and thus susceptible to
oxidation damages. © 2009 American Institute of Physics. DOI: 10.1063/1.3083548
Carbon nanotubes CNTs have been the significant fo-
cus of scientific research during the past few decades. Stud-
ies of the electron system in nearly one-dimensional geom-
etry have revealed various intriguing quantum mechanical
phenomena, which have stimulated not only academic inter-
est but ideas for potential applications.1,2 In laboratories vari-
ous device patterns, including field effect transistors FETs,3
electron field emitters,4 and electromechanical switches,5
have been fabricated. In particular, the maximum current
density through an individual CNT is known to be three or-
ders of magnitude larger than that of Cu wire, making CNTs
very promising for use in hole interconnect.6,7 For those ap-
plications, the metal-CNT interface may constitute the cen-
tral part of study because of the significance of contact resis-
tance. On the other hand, the metal-CNT binding strength
has been questioned in view of composite material.8 Previous
studies investigated wetting properties of metal nanoparticles
on the surface of CNTs.9,10 Throughout experiments it has
been generally noticed that Au, Al, Fe, Pb, and Zn have poor
wetting onto the surface of CNTs. Meanwhile, it has been
suggested that the Al-CNT interfaces are particularly liable
to contamination by environmental oxygen species.11,12 Such
experimental results are not well supported by theoretical
studies. Theorists have reported that the adsorption of Al
atom onto CNTs and the adhesion of CNTs to the Al surface
are decently strong.13,14 Besides the cases of Al, understand-
ing of the interfacial structure between CNT and other metals
was not sufficient in previous studies, even though such
knowledge has been necessary for an analysis of the realistic
Schottky barrier.15–17
The objective of the present work is to investigate a
realistic interfacial geometry between the CNT and various
metals. In actual device fabrication process, evaporated
metal particles are to be deposited onto CNTs. Regarding
such process, the adsorption with individual metal atoms
onto CNTs or the adhesion of CNTs to a well-developed flat
surface of bulk metals may not be a right choice for the
model. We choose the metal nanoparticles consisting of 13
atoms M13 as the model. Note that the M13 can constitute
the minimal cluster of closed atomic shell, and thus its ad-
sorption geometry on the surface of the CNT could be an
indicator of the wetting property of metal nanoparticles.18
Our results in the present work show that the Al and Au
nanoparticles spontaneously form a 111-like surface recon-
struction in which the bonding to the CNT surface becomes
unfavorable. In contrast, Pt, Pd, and Ti have strong binding
to the CNT. Our calculations are based on the total energy
calculation within the density functional theory.19 Through-
out the present work, we use the Vienna ab initio Simulation
Package and the provided pseudopotentials.20,21 The general-
ized gradient approximation GGA and the local density
approximation LDA22,23 are used in the description of the
exchange correlation potential. The plane-wave basis set is
employed with the energy cutoff of 400 eV.24
Figures 1a–1e are the GGA optimized geometries of
the 5,5 CNT with the adsorbed Al13, Au13, Pd13, Pt13, and
Ti13. The selected low energy structures of Au13 flake, Ti13
icosahedron, and Pt13 cage are shown in Fig. 1f. In or-
der to find the lowest energy structure of M13 particles, the
suggestions in previous works are referenced and recalcu-
lated independently. We found that the Al13 is close to the
regular icosahedron, irrespective of the chosen density
functional.25 For Au13, we confirmed that the flake geometry
has lower energy than the cuboctahedron by 1.4 eV in both
the LDA and GGA calculations.26 Our full ab initio calcula-
tions of Pt13 resulted in a few low energy cage structures:27
the lowest energy structure is shown in Fig. 1f. For the case
of Pd13 the icosahedron constitutes the low energy isomers
along with a few cage structures. Both the LDA and GGA
calculations resulted in the icosahedral Ti13 with the D3d
symmetry in which one of the triangles is slightly larger than
others.28
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In order to search for the adsorption geometries, we per-
formed the geometry optimization with various initial condi-
tions: different orientations of the M13 particle on different
binding sites of the surface of the CNT. The obtained lowest
energy adsorption geometries are shown in Fig. 1. Among
them the Al13 has the weakest binding affinity with the CNT
and preserves the icosahedron geometry of the isolated clus-
ter, in consistency with the previous work.29 The binding
energies of the M13 particles onto the CNT were calculated
as follows: Eb=−EtotM13 /CNT−EtotM13−EtotCNT,
where the Etot represents the total energy of the optimized
geometry for each case. The results of binding energies are
summarized in Table I. Despite our extensive search for the
lowest energy adsorption geometry, we cannot exclude the
possibility that some unidentified structures might have
lower energies than those shown in Fig. 1. Therefore, the
energetics shown in Table I should be interpreted with care.
However, the overall trend in Table I undoubtedly indicates
that Pt, Pd, and Ti have strong binding to the surface of CNT,
whereas Al and Au have a weak binding affinity. The strong
binding natures of Pt, Pd, and Ti particles onto the CNT are
consistent with the known chemical reactivities of the metal
surfaces.13,30 In particular, the strongest adsorption of Ti
could be attributed to the open d shells in the Ti electronic
structure. In the present work, we investigated the electronic
structures of selected geometries of CNTs with Pd and Ti
nanoparticles and identified that the strongly adsorbed metal
particles can induce a strong distortion in the  electronic
structure of the CNT. In contrast, our previous works showed
that the weakly bonded Al and Au surfaces give rise to an
almost rigid shift in the Fermi level of the CNT, in which the
shapes of the density of states are almost intact.31,32
We also calculated many adjacent M13 particles onto the
CNT to simulate the behavior of the accumulated metal
nanoparticles. The GGA optimized geometries for the cases
of two adjacent Al13 and Au13 particles are shown in Figs.
2a and 2b. The very characteristic feature in the present
results is that the metal-carbon bond is not favored in these
cases. After the geometry optimization, Al and Au particles
develop a triangular-shape bonding network at the interface
with the CNT, resembling the 111 surface. Besides the edge
atoms, the Al and Au atoms are separated from the CNT
surface, as shown in Figs. 2a and 2b. We continued the
calculation with six Al13 and Au13 particles surrounding the
CNT, as presented in Figs. 2c and 2d. Consistently, the Al
and Au atoms develop a 111-like triangular network sepa-
rated from the CNT surface by more than 3.5 Å. With the
same strategy we investigated the equilibrium geometry of
the accumulated Pt, Pd, and Ti particles onto the CNT. We
found that they have a good wetting and are well dispersed
over the CNT surface, as shown in Fig. 3. Previously, Zhang
et al.9 and Zhang and Dai10 showed that the bare CNT sur-
face could be uniformly coated with Pd and Ti, whereas the
deposited Al and Au particles aggregate themselves. Results
FIG. 1. Color online Optimized geometries for a Al13, b Au13, c Pd13,
d Pt13, and e Ti13 onto the 5,5 CNT. f Optimized geometries of the
flake-type Au13, icosahedral Ti13, and cage-type Pt13. Throughout a to e
the metal-carbon distance less than 2.5 Å is drawn with bond lines. This
bond line rule also applies to Figs. 2 and 3.
TABLE I. The binding energy EbeV of the metal nanocluster M13 to
the surface of the 5,5 CNT.
Al Au Pt Pd Ti
LDA 0.39 1.24 4.45 5.49 6.53
GGA 0.04 0.25 1.73 2.60 3.71
FIG. 2. Color online Optimized adsorption geometries of two neighbored
a Al13 and b Au13 particles and six neighbored c Al13 and d Au13
particles onto the outer wall of the 5,5 CNT.
FIG. 3. Color online Optimized adsorption geometries of two neighbored
a Pd13 and b Ti13 particles and six neighbored c Pd13 and d Ti13
particles onto the outer wall of the 5,5 CNT.
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throughout Figs. 1–3 consistently tell that the difference in
the wetting properties should be attributed to the difference
in the adsorption energetics of the metal nanoparticles with
CNTs.
While metallic CNTs have been investigated in view of
interconnects, numerous researchers have studied FET-like
switchable devices using semiconducting CNTs.3,33 One of
the principal concerns in those studies is the contact resis-
tance at the metal-CNT interface. Commonly, the Schottky
barrier at the interface has been interpreted with the work
function of the metal electrodes.16,17 However, results of the
present work suggest that the local chemistry should be con-
sidered as another key factor in determining the overall con-
tact resistance. Note that even though Au and Pd have very
similar work function, their wetting properties are fundamen-
tally different.34 As we discussed previously, the Schottky
barrier at the metal-CNT interface can vary depending on the
bonding strength at the metal-CNT interface.32,35 We now
understand that the known vulnerability of the Al-CNT con-
tact to oxidation-induced damage is not only due to the
strong oxidation tendency of Al but the weak binding affinity
of Al with CNTs.11,12 Our results in the present work suggest
that the accumulated Al particles have many voids at the
interface with the CNT, and thus oxygen impurities could
diffuse into the interface without significant barriers, result-
ing in the oxidation-induced damage.
In conclusion, we used the ab initio density-functional
computational method to investigate the binding affinity and
realistic interfacial structures of metal particles onto CNTs.
We found that the accumulated Al and Au particles develop
111-like surface at the interface with the CNT in which the
metal-carbon bond is energetically unfavorable. Meanwhile
Pt, Pd, and Ti nanoparticles were found to have a decent
adsorption strength and a good wetting property. We suggest
that a method to increase the binding strength between Al
layer and CNT is required to stabilize the Al electrode
against the oxidation-induced damage.
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